Methods to assess the impact of goose fecal contamination are needed as the result of the increasing number of Canada geese (Branta canadensis) near North American inland waters. However, there is little information on goose fecal microbial communities, and such data are important for the development of host-specific source-tracking methods. To address this issue, 16S rRNA gene clone libraries for Canada goose fecal samples from Ontario, Canada, and Ohio were analyzed. Analyses of fecal clones from Ontario (447) and Ohio (302) showed that goose fecal communities are dominated by the classes "Clostridia" (represented by 33.7% of clones) and "Bacilli" (38.1% of clones) and the phylum "Bacteroidetes" (10.1% of clones). Sequences not previously found in other avian fecal communities were used to develop host-specific assays. Fecal DNA extracts from sewage plants (10 samples) and different species of birds (11 samples) and mammals (18 samples) were used to test for host specificity. Of all the assays tested, one assay showed specificity for Canada goose fecal DNA. The PCR assay was positive for Canada goose fecal DNA extracts collected from three locations in North America (Ohio, Oregon, and Ontario, Canada). Additionally, of 48 DNA extracts from Lake Ontario waters presumed to be impacted by waterfowl feces, 19 tested positive by the assay, although 10 were positive only after a nested PCR approach was used. Due to the level of host specificity and the presence of signals in environmental waters, the assay is proposed as a part of the toolbox to detect Canada goose contamination in waterfowl-contaminated waters.
Canada goose (Branta canadensis) is one of the most common waterfowl species in inland water areas in North America, especially around the Great Lakes. Indeed, Canada goose populations in the United States have been increasing in the last decade (29) . Feces produced by geese congregating around surface water bodies are considered a potential source of fecal bacteria in reservoirs that supply drinking water and in recreational waters (4) . More importantly, microbiological studies of Canada geese have shown the incidence of pathogenic bacteria such as Salmonella spp. (19) , Escherichia coli (1, 21) , and Vibrio spp. (30) and pathogenic protozoa such as Giardia sp. and Cryptosporidium parvum (15, 20) .
While the potential impact of waterfowl fecal contamination on public health is relevant to beach closures and zoonosis, unfortunately to date there are no methods that can specifically trace goose fecal pollution in environmental waters. The lack of detection methods is due in part to the limited information on waterfowl fecal microbial community composition, most of which has been obtained using culture-based methods. For example, Hollander (17) studied intestinal microbiota of various wintering goose species and found that the majority of the isolated bacteria belonged to the genera Bacillus and Pseudomonas, while enterobacteria and streptococci were less common. Since culture-based studies can provide only a limited picture of natural microbial communities, it is necessary to rely on alternate methods like the sequence analysis of 16S rRNA gene clone libraries. Thus far, there is no information on the molecular diversity of Canada goose fecal microbiota, although it has been hypothesized that waterfowl gut microbial communities are different from other gut communities (13) .
In order to understand the public health impact of Canada goose fecal pollution in natural waters, it is essential to have adequate detection methods. Recently, microbial source-tracking methods based on Bacteroides-Prevotella 16S rRNA gene sequences have been used to differentiate human and cow from other animal fecal sources (2, 22) . These methods have taken advantage of the fact that "Bacteroidetes" are abundant in mammalian fecal samples. Since "Bacteroidetes" are less abundant in some avian species, approaches for detecting chicken and gull fecal pollution in water have been based on alternate targets, such as members of the classes "Clostridia" and "Bacilli" (25, 26) . The aims of this study were to provide a description of the microbial community composition in goose feces by using 16S rRNA gene sequence analysis and to develop host-specific PCR assays to detect Canada goose fecal pollution in environmental waters.
MATERIALS AND METHODS
Sample collection and DNA extraction. Fecal samples from Canada geese were collected in Ohio (n ϭ 12), Oregon (n ϭ 3), and Ontario, Canada (n ϭ 24). Water samples were collected from goose-contaminated beaches in Toronto and Hamilton on Lake Ontario. Droppings from healthy animals were aseptically collected immediately after defection by the animals, placed into sterile centri-fuge tubes, and stored at Ϫ80°C until being used in DNA extractions. Total DNA was extracted from all fecal samples collected in Ontario, Ohio, and Oregon by using the FastDNA kit according to the instructions of the manufacturer (Qbiogene, Irvine, CA) and then eluted in 80 l of water. The concentration of each fecal DNA extract was measured using an ND-1000 UV-vis spectrophotometer (NanoDrop Technologies, Inc., Berlin, Germany), and aliquots containing equal DNA amounts from each individual fecal sample were mixed to generate a DNA composite of fecal samples collected from each site.
16S rRNA gene clone libraries, DNA sequencing, and data analysis. Sequence analysis of 16S rRNA gene products was used to describe the phylogenetic affiliations of goose fecal bacterial populations. The 16S rRNA gene was amplified using bacterial primers 27F (positions 8 to 27 [E. coli numbering], 5Ј-AGAGTTTGATC MTGGCTCAG-3Ј) and 926R (positions 926 to 945 [E. coli numbering], 5Ј-CCGT CAATTC[A/C]TTT[A/G]AGTTT-3Ј) and composite DNA as the template. PCR amplifications were performed in a PTC-240 DNA Engine Tetrad 2 cycler (MJ Research, Inc. Alameda, CA) using the cycling conditions described previously (25) . PCR products from five independent reactions were pooled and cloned into pCR4.1 TOPO (Invitrogen). Entire individual clones were sequenced using M13 forward and reverse primers as described by Lu et al. (25) . Sequencing was carried out by automated methods using BigDye terminator chemistry and an Applied Biosystems PRISM 3730XL DNA analyzer at the Cincinnati Children's Hospital Medical Center Genomics Core Facility (Cincinnati, OH).
Sequence editing and alignment were completed using Sequencher (Gene Codes Corporation, Ann Arbor, MI). Homology searches were performed using BLASTn and GenBank's nr database (http://www.ncbi.nlm.nih.gov/BLAST/) as described previously (25) . Chimeric sequences were identified by employing the Check Chimera program of the Ribosomal Database Project (5) and creating manual alignments of secondary structures. The Bellerophon program (18; http: //foo.maths.uq.edu.au/ϳhuber/bellerophon.pl) was also used to check for chimeras by comparing each sequence against the sequences from the same library. As a final check for chimeras, unique sequences were split into 5Ј and 3Ј fragments and analyzed separately using BLAST. Sequences for which either the 5Ј or 3Ј fragment had significantly different closest relatives were considered probable chimeras and were removed from the data set.
Primer design and development of PCR assays. BLAST results were used to identify sequences that showed less than 90% identity to sequences in GenBank. Closely related sequences, including sequences from other fecal bacteria, were used in alignments to identify unique regions. Sequences were then selected after in silico cross-examination using BLAST. Primers used to develop host-specific assays were designed using Primer Designer (version 2.01) (Scientific and Educational Software, Cary, NC). Prior to host specificity tests, primers were further validated against sequences in GenBank.
Optimal thermal conditions for each primer set were determined using thermal gradients and goose fecal DNA extracts as amplification templates. Assays that produced signals at a wide range of temperatures were used in further studies. The host specificities of the selected assays were evaluated using the same protocol and samples described by Lu et al. (25) . In addition, 10 sewage samples from the following locations were included as part of host specificity tests: Waldwick, NJ; Frankfort, KY; West Point, WA; St. Peter, MN; Rutland, VT; Morehead, KY; Buffalo, NY; Milford, OH; Sacramento, CA; and Las Vegas, NV. Assays that showed cross-amplification signals and PCR products of unexpected sizes were not further considered. To confirm the identities of PCR products from Canada goose fecal samples collected in Ontario, clone libraries were developed and analyzed as described above. Promising PCR assays were also tested against individual fecal DNA extracts to determine the distribution of the targeted populations in geese and against DNA extracts from water samples impacted by goose fecal contamination. A nested PCR analysis was also conducted to detect potentially low titers of the targeted sequence. In the nested PCR assays, bacterial primers 27F and 926R (which cover approximately the first 930 positions of the rRNA gene) were first used as described above. An aliquot (2 l) of the resulting PCR product was diluted 10-fold, and then 2 l of the dilution was used as the template for the nested PCR assay. The host-specific primers anneal to positions within the first amplification product.
Nucleotide sequence accession numbers. Representative clone sequences were deposited in GenBank with accession numbers FJ390504 to FJ390840.
RESULTS AND DISCUSSION
Phylogenetic analysis and comparison with other avian fecal microbial communities. A total of 749 goose fecal 16S rRNA gene sequences (447 from Ontario and 302 from Ohio) were analyzed in this study ( Table 1) . Most of the sequences clus- (Fig. 1) . Twelve genera of "Clostridia" were represented in the clone libraries, although most sequences were closely related to sequences from the Clostridium genus. Among all the clones identified as members of the "Bacilli," species of the following genera were the most abundant: Lactococcus, Bacillus, Paenibacillus, and Turicibacter. The percentages of Bacillus and Turicibacter sequences in the two different (Ontario and Ohio) libraries were similar. In contrast, most of the Lactococcus sequences were obtained from the Ontario clone library while most of the Paenibacillus sequences were of Ohio origin. Both Lactococcus and Paenibacillus species have been isolated from poultry cecum or feces, so they can be considered normal members of the avian gut microbiota. However, the ecological meaning of the differences in their relative abundance is yet to be determined. Sequences similar to those from Actinobacteria and "Bacteroidetes" were present in samples from both locations, although they were more dominant in the Ohio clone library (accounting for 11.3 and 18.3% of Ohio sequences versus 2.7 and 2.0% of Ontario sequences). Proteobacterial sequences, including sequences closely related to those of potentially pathogenic bacteria such as Campylobacter and Helicobacter spp., were also retrieved from the clone libraries. On average, proteobacterial sequences represented Ͻ3% of the total clones analyzed.
To further understand the avian fecal microbial community, the sequences obtained in this study were compared to published data from 16S rRNA gene fecal and intestinal clone libraries from gulls (26) , chickens (14, 23, 24, 39) , and turkeys (27, 31) (Table 2 ). A total of 11 classes (22 orders) were identified. On average, the majority of the sequences were related to those from "Clostridia" (39.4%), "Bacilli" (24.1%), and "Bacteroidetes" (16.8%). The highest average percentage of clone sequences similar to those from "Clostridia" (i.e., 57.0%) was found in chicken cecum specimens (Table 2) , with the dominant sequences being similar to sequences from Clostridium and Ruminococcus spp. On average, sequences similar to those from "Bacilli" were most abundant in waterfowl: Canada goose (37.8%) and gull (37.1%). Based on average results, sequences similar to those from "Bacteroidetes" represent a smaller fraction of the avian fecal community, particularly in waterfowl (7.1%). This finding is relevant to source tracking, as sequences from "Bacteroidetes" are often used to develop hostspecific assays. However, it should be noted that "Bacteroidetes" have been found to be abundant in the gastrointestinal tract of turkeys (31) . While at the bacterial class level, the compositions of the microbial communities in feces from Canada geese are similar to those in feces from other avian species, there were some differences at the species level. For example, different species of "Bacilli" were dominant in the two waterfowl species studied thus far, Catellicoccus marimammalium in gull and Turicibacter sanguinis in Canada goose. Assays specific to C. marimammalium have been used recently to identify gull fecal contamination in surface waters (26) . Although the presence of T. sanguinis in other avian feces has not been reported, similar sequences have been retrieved from swine manure pits and environmental samples. Additionally, Clostridium glycolicum was numerically dominant in the goose feces. In summary, approximately 27% of the Ohio and 41% of the Ontario goose fecal clones were closely related to C. glycolicum and T. sanguinis. Interestingly, in only a few instances have both of these species been isolated from the gastrointestinal tracts of animals. The results from this study suggest that C. glycolicum and T. sanguinis bacteria are among the numerically dominant bacterial populations in goose feces and, therefore, are potential targets for host-specific assays. In contrast, 29 sequences similar to Prevotella sequences (identity, 86 to 90%) were present only in the Ohio clone library. As they formed a unique clade away from sequences retrieved from other gut environments (rumens, human oral tract, dugong gut, and human gut) (Fig.  2 ), they were also treated as potential targets for source-tracking assay development. Design of PCR assays and test for specificity. Sequences identified as C. glycolicum and T. sanguinis were selected for assay development, as they represented novel sequences that were among the most abundant fecal clones. Additionally, Prevotella-like sequences were selected because they were unique, although they were not as abundant in the clone library as sequences from the two other bacterial species. Sequence alignments identified unique regions for each bacterial target. BLAST searches of potential species-specific sequences confirmed the specificities of the Prevotella group and T. sanguinis primer sequences. In contrast, in silico tests of the selected C. glycolicum primer sequences indicated the presence of sequences from environmental clones retrieved from several fecal sources, suggesting that these may not be good targets for host-specific studies.
A total of eight primers sets were designed (see Table S1 in the supplemental material). Five were developed to target Prevotella sequences from geese, and three were developed to detect T. sanguinis. The T. sanguinis assays showed cross-amplification with pig, cow, chicken, and human (sewage) feces, suggesting that these assays may not be useful in tracking specific fecal sources. Originally isolated from the blood of a febrile patient with acute appendicitis (3), T. sanguinis has also been found in the insect gut (12, 33) , dairy waste (28) , and cheese and milk samples (6) . However, the results from this study suggest that T. sanguinis is more ubiquitous in the animal gut than previously known. While the T. sanguinis assays developed in this study are not fecal source specific, future studies should be conducted to determine if the occurrence of this species in environmental waters can be used as an indication of fecal pollution events. In general terms, the T. sanguinis assays a CG1, Canada goose fecal library (n ϭ 447) for samples from Toronto, Canada (this study); CG2, Canada goose fecal library (n ϭ 302) for samples from Ohio (this study); gull, gull fecal library (n ϭ 282) for samples from West Virginia (26); chicken1, chicken cecal library (n ϭ 616) for samples from Georgia (24); chicken2, chicken cecal library (n ϭ 98) for samples from Guelph, Canada (14) ; chicken3, chicken cecal library (n ϭ 164) for samples from Hanoi, Vietnam (23); chicken4, chicken cecal library (n ϭ 1,656) for samples from Delaware (39); turkey1, domestic-turkey cecal library (n ϭ 685) for samples from Iowa (31); turkey2, wild-turkey cecal library (n ϭ 627) for samples from Iowa (31); turkey3, turkey fecal library (n ϭ 382) for samples from Ohio (26) .
b Phylum and (sub)class names are in bold.
developed in this study will also help in better understanding the ecology of this fecal bacterial species. Of the PCR assays designed to target the Prevotella goose sequences obtained in this study, only two were host specific (see Table S1 in the supplemental material). One of the hostspecific assays (CG199-Prev f2) showed poor host distribution in the host, which was compatible with the fact that no signals were obtained when the assays were challenged against DNA extracts from water. The CG-Prev f5 PCR assay showed no positive amplification signals from nontarget fecal DNA samples, including 10 sewage samples from different states in the Great Lakes region, further validating the host specificity of this assay (Table 3) . Sequence analyses of PCR products from goose fecal samples from Ontario confirmed the identities of fecal PCR signals. Specifically, 29 clones from Ontario fecal DNA extracts were analyzed, all of which were Ն97% identical to the Ohio clones used to develop the host-specific assays.
Detection limits and marker distribution in the host for the CG-Prev f5 PCR assay. The detection limit of the CG-Prev f5 PCR assay for Canada goose fecal DNA was 2 ng of fecal DNA/reaction. Similar detection limits based on fecal DNA template concentrations have been reported for human-and swine-specific assays (34, 35) , although lower detection limits have been reported for chickens (25) . Since the detection limits obtained using plasmid constructs (i.e., PCR inserts) showed that the assay is capable of detecting 2 plasmid copies per reaction (Fig. 3) , these results suggest that the targeted populations are not dominant members of the microbial community in goose feces. This deduction is consistent with the relatively low abundance of Prevotella-like clones obtained in this study and clones of "Bacteroidetes" in other avian fecal clone libraries (26, 27) .
Experiments with individual Canada goose fecal samples collected in Ohio and Ontario, Canada ( Table 4 ), showed that the CG-Prev f5 PCR assay produced relatively weak signals from many of the individual samples. Similar results were obtained with three additional samples collected in Oregon. A nested PCR approach using universal primers followed by the species-specific assay was then tested to further determine the occurrence of goose-specific Prevotella (see Fig. S1 in the supplemental material). Approximately 38% of the individual fecal samples were positive by the conventional PCR approach, while half (i.e., 51%) tested positive by the nested approach. Specifically, three times more positive signals from Ohio fecal samples were detected by the nested PCR approach than by normal PCR. This result is in agreement with the fact that only the Ohio clone library contains goose-specific Prevotella-like sequences. Moreover, several Ontario fecal samples as well as all Oregon fecal samples that were negative for the conventional PCR signals were positive by the nested PCR approach. Altogether, these results suggest relatively low abundance of goose-specific Prevotella species in goose feces and potential regional differences in abundance in fecal samples.
Experiments to detect goose-specific PCR signals in waters with a history of waterfowl contamination were also conducted (10, 11) . Nearly 19% of the water samples collected in Lake Ontario showed positive PCR signals in the goose-specific assay (Table 4) . When a nested PCR approach was used, the total proportion of water samples that tested positive increased to 38%. Evidence of waterfowl fecal contamination at Lake Ontario beaches was detected previously using E. coli antibiotic resistance and repetitive element PCR fingerprinting methods (10, 11) . However, these methods were not capable of fully discriminating among waterfowl species. Considering the relatively small populations of goose-specific Prevotella species in fecal samples, the high level of host specificity of the Prevotella marker, and the variable distribution of this marker in Canada goose feces, and assuming that, as anaerobic bacteria, Prevotellalike species are relatively poor survivors in environmental waters, the results from this study suggest that goose feces are an important source of fecal bacteria at some Lake Ontario beaches. A limited number of host-specific waterfowl assays have been described in the scientific literature. These assays have used different approaches to retrieve host-specific genetic targets. For example, Hamilton et al. (16) used a subtractive hybridization approach to develop goose-and duck-specific macroarray assays based on E. coli gene fragments. By combining different markers, they were able to identify 76 and 73% of goose and duck E. coli isolates, respectively. When these assays were applied to water samples, 51% of the E. coli isolates were classified as being of waterfowl origin. However, these assays showed high degrees of regional specificity and cross-hybridization with approximately 5 to 10% of E. coli strains isolated from human and other animal hosts. Cultureindependent methods have also been developed, albeit for a limited number of waterfowl species. Devane et al. (7) developed a nested PCR assay targeting the 16S rRNA gene of a Desulfovibrio sp. strain originally isolated from mallard ducks. The assay was positive for most (76%) of the duck fecal samples tested and for smaller portions (20 and 15%, respectively) of swan and Canada goose fecal samples. Cross-reactivity was detected only with goat fecal samples. Approximately half (i.e., 55%) of the water samples examined were positive in this specific assay, although the correlations between signal detection and total coliforms and E. coli counts were not statistically significant. Another recently developed method to detect gull (26) , a member of the family "Enterococcaceae." The assay was positive for water samples with known histories of gull contamination but negative for waters impacted by Canadian geese. Metagenomic approaches have also been used to develop PCR assays specific to poultry. While thus far none of the assays are specific to waterfowl, a couple of assays have produced positive signals only with feces from avian species (i.e., chicken, turkey, Canada goose, and pigeon) (25) . Bioinformatic analyses suggested that the sequences used for assay development are similar to Bacteroides fragilis and Lactobacillus acidophilus genes encoding proteins. Their potential value in waterfowl source-tracking studies has not been tested, but clearly their application would be restricted to areas in which nonpoultry species are not suspected to be important sources of fecal pollution. The importance of free-living bird populations as reservoirs for human waterborne pathogens is becoming increasingly evident (19, 21, 32, 36, 38) . Due to their migratory character, waterfowl populations can amplify and eventually transmit infectious microbes to humans by directly contaminating agricultural fields or surface waters used for potable water, recreation, or crop irrigation (8) . The fact that the microbial composition of waterfowl feces remains poorly studied has become a barrier for developing methods to distinguish goose fecal sources from other animal fecal sources. Recently developed source-tracking methods have provided more direct evidence of the importance of gulls, ducks, and geese in the microbial quality of recreational water, particularly in the Great Lakes (10, 37). Our results suggest that the goose CG-Prev f5 PCR assay developed in this study, in conjunction with a recently developed gull-specific assay (26) , can also be used to detect the presence of each waterfowl source without the need for cultivating indicator bacteria or further processing environmental isolates. While these PCR assays may have utility in environmental monitoring, in order to realize their full potential in fecal source-tracking applications, several issues need to be addressed, such as the persistence of target DNA molecules in water, the relevance of the PCR assay to current regulatory fecal indicator methods used to monitor water quality (such as the detection of E. coli and enterococci), and the link between the prevalence of a specific DNA target sequence in the environment and relevant public health risks. The fact that different methods have been based on different bacterial species and different hostspecific genetic targets underscores the possibility of developing a robust toolbox for the identification of primary sources of waterfowl fecal pollution that could be used in a variety of environmental scenarios.
